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Abstract 
Hollow silver particles with three different shapes; spherical, cylindrical and octahedral, were used as a raw material to produce 
open-cell silver foams. The shape difference in the particles resulted from the reduction of different-shape silver sulfates. 
Fabrication of silver foams was carried out using SDP process with disaccharide particles as a space holder. The resultant silver 
foams show high porosity with distinctive pore microstructures. The examination of pore structure by SEM shows that there are 
three levels of porosities which are unique from each type of foams. The foams, using spherical and cylindrical silver particles, 
have larger surface area and higher density than the foam with the silver particle of octahedral shape. A control of pore 
architecture can be performed through tailoring material and process parameters. The difference in pore architecture resulted in 
different compressive behavior of the foams. As expected, the foam, using octahedral silver particles, has lower compressive 
strength than the others, mostly due to lower foam density. 
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1. Introduction 
Open-cell metal foam is an advanced engineering material that attracts many industries for its functional 
applications, such as catalyst support, adsorption, heat-exchanging equipment, energy-storage and filtration system. 
Owing to the combined outstanding properties of high specific strength, large surface area of interconnected porosity 
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and high service temperature, this material becomes widely used in many industries and also finds itself in various 
new applications. Open-cell metal foams can be fabricated by many methods. Among these, the powder metallurgy 
(PM) method is preferred, due to the ease of material handling, the ability to process high-melting point metals and 
the large alloying variation. The ability to control size, structure, quantity, and inner cavity structure of material also 
make this method attractive. 
The sintering and dissolution process (SDP) method, developed by Zhao, is a technique by which replication of 
pore architecture in metal foams is made by using suitable space holder particles, such as NaCl (Zhao et al. (2001)). 
The SDP is simple, convenient and economical, and thereby is widely used in the manufacture of open-cell metal 
foam. It allows manufacturers to control pore structure, morphology and dimension. The process starts with the 
mixture of base metal powder and space holder particle, and compacted in a die of high pressure. The green compact 
is then sintered, in order to strengthen the compact structure, followed by dissolution of space holder material in a 
proper solution. The SDP method also uses other space holder materials, such as carbamide and disaccharide, to 
produce metal foams. 
The objective of present work is to investigate the microstructure and mechanical properties of open-cell silver 
foams produced with different pore architectures. The hollow silver particles with three different shapes; spherical, 
cylindrical and octahedral, were used as a raw material to produce open-cell silver foams. The partial reduction and 
dissolution of silver sulfate produced hollow particles which later were used as a basic framework for the formation 
of different porosity levels in the foam. 
2. Experimental Approach 
Ag2SO4 powders with three different shapes were obtained from different manufacturing methods. The Ag2SO4 
powder with spherical shape was produced by dissolving pure Ag grains in H2SO4 solution at 200°C and mixing 
with distilled water at a temperature close to 0°C. The rapid cooling resulted in precipitation of Ag2SO4 powder. The 
production of Ag2SO4 powder with cylindrical shape is the precipitation of AgNO3 particles, as a result of rapid 
cooling of dissolved Ag in HNO3 solution, and the chemical reaction between AgNO3 and CuSO4⋅5H2O. The detail 
of the process is reported elsewhere (Preuksarattanawut et al. (2011)). The Ag2SO4 powder with octahedral shape 
was prepared by dissolving Ag2SO4 powder in H2SO4 solution with gradually filling of NaOH. The pH adjustment 
by the NaOH content resulted in precipitation of Ag2SO4 powder. 
To produce porous Ag layer on Ag2SO4 powder surface, three different shaped Ag2SO4 powders were partially 
reduced by NaOH in glycerol with a ratio by mol of NaOH: Ag2SO4 at 2:1 in the range of 30-60°C for 3-30 min. The 
reduced powder was filtered and washed for several times with absolute alcohol and distilled water, followed by 
drying at 110°C. 
The manufacture of open-cell Ag foams was prepared by blending the partially reduced Ag2SO4 powder, 
composing of Ag2SO4 core and porous Ag skin, with disaccharide particles (white refined sugar) at 50 vol.% for 30 
min, using a rocking mill. The reduced Ag2SO4 particles were used as both reactant and self-space holder material. 
The consolidation of the powder mixture was performed in a 11 mm diameter cylindrical tool steel die with a 
pressure of 210 MPa to ensure a high-strength bonding of powders. To eliminate the disaccharide particles, the green 
compact was then dissolved in warm water, resulting in a macroporous Ag sample. Sintering of dissolved compact to 
strengthen the foam structure was carried out at 650°C for 300 min. The sample was later dissolved in 25% 
concentrated ammonia, in order to eliminate the residual Ag2SO4, resulting in a microporous structure in the sample. 
To clean the sample, the foam was dried at 110°C for 5 h. Measuring the dimension and weighting the mass of the 
foams were performed to determine the relative density of Ag foams. 
The quantitative identification of all powders was performed by XRD Rigaku Tirex 3, using CuKα radiation at 
the scan rate of 0.02º⋅s-1. The examinations of morphology and particle distribution of hollow Ag powders of 
different shapes, and the structure of Ag foams, cell morphology and cell wall microstructure were performed using 
JSM-6400 JEOL scanning electron microscope (SEM). The particle size and the pore size were also determined 
from the SEM micrographs. The specific surface area is determined by Autosorb 1 MP, Quantachrome. The 
compressive mechanical test of foam samples was conducted using CSS-44100 universal testing machine at a 
crosshead speed of 0.3 mm⋅min-1 with a pressure of 500 MPa. 
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3. Results and Discussion 
Fig. 1 shows the morphologies of the Ag2SO4 particles with spherical, cylindrical and octahedral shapes, prior to 
the reduction. Agglomeration of Ag2SO4 particles was mostly found in the spherical shape case. The average mean 
diameter of Ag2SO4 particles with spherical, cylindrical and octahedral shapes are approximately 5, 24 and 137 µm, 
respectively. A large agglomeration of the spherical Ag2SO4 particles is due to the reduction of surface energy in the 
system. In all cases, the particles have smooth surface. 
Fig. 2 shows the morphologies of the hollow Ag powders with spherical, cylindrical and octahedral shapes, after 
the reduction. Agglomeration of Ag powders was observed. The average mean diameters of Ag particles are similar 
to the Ag2SO4 particles prior to the reduction. It was observed that after the deposition of Ag2SO4 particles in the 
glycerol and NaOH solution, the color of solution changed to black, indicating that the surface of Ag2SO4 particles 
were reduced to Ag. It can be seen that all hollow powders have porous layer. This layer was formed by the 
precipitation of fine Ag particles that bond between each other. 
 

Fig. 1. Powder morphologies of the Ag2SO4 particles with (a) spherical, (b) cylindrical and (c) octahedral shapes, prior to the reduction. 
 
 
Fig. 2. Powder morphologies of the Ag particles with (a) spherical, (b) cylindrical and (c) octahedral shapes, after the reduction 

Fig. 3. Pore structure of Ag foams made with hollow Ag powders of (a) spherical, (b) cylindrical and (c) octahedral shapes. 
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Fig. 3 shows the pore structure of open-cell Ag foams fabricated using hollow spherical, cylindrical and 
octahedral shaped Ag powders. The examination of pore structure by SEM exhibits that there are three levels of 
porosities which are unique from each type of foams, from nanometer to millimeter level. Due to the fine scale, the 
micropores and nanopores are not clearly presented in the Fig. 3. The millipores (0.1-0.2 mm) were made from 
dissolution of disaccharide particles after the compaction. The micropores (1-100 µm) were formed as a result of 
dissolution of compacted Ag2SO4 with Ag surface layer and the voids between the compacted particles. The 
nanopores (100-1000 nm) were formed from the sintering of fine Ag particles. However, the micropores and 
nanopores are difficult to observe in the foam using octahedral Ag powder. This is due to the large size of the 
octahedral powder for which the voids between the precipitated Ag powders are easily removed, compared with the 
spherical and cylindrical powders. 
The specific surface area of Ag foams, determined by BET analysis, shows that the foams, using spherical and 
cylindrical Ag powders, have larger surface area and higher than the foam with the Ag powder of octahedral shape. 
The small surface area of the foam using octahedral Ag powder is owing to much larger size of the particle. 
However, in all cases, the specific surface areas are found to be much larger than those of conventional materials 
used in catalysis application. 
Fig. 4 exhibits the engineering compressive stress-strain plots of the open-cell Ag foams, with 70% porosity, 
made using hollow spherical, cylindrical and octahedral shaped Ag powders. The plots show three distinct 
compressive regions, identified as linear elastic deformation, long-deformation plateau stress and densification. 
However, in the case of octahedral powder, the elastic region is difficult to observe. In all cases, the plateau stress 
gradually increases with increasing strain. This behavior is more typical for the open-cell foams than the closed-cell 
counterparts, as there is no cell wall to help stabilising the compression. The highest strength throughout the strain is 
found in the foam made using the spherical Ag powder. The foam with octahedral powder shows the lowest 
compressive strength. A similar compressive behavior of Ag foams made using spherical and cylindrical powders is 
due to their similar foam densities. The influence of pore morphology is known to have less effect than foam density 
to compressive strength [8]. 
 
 
 
Fig. 4. The compressive stress-strain plots of the open-cell Ag foams, with 70% porosity, made using hollow spherical, cylindrical and octahedral 
shaped Ag powders. 
Table 1. Compressive yield strength of Ag foams made using hollow spherical, cylindrical and octahedral shaped Ag powders. 
Shape Foam density 
(g/cm3) 
Yield Strength 
(MPa) 
Yield Strength 
(Ashby model) 
(MPa) 
Spherical 3.36 5.20 0.412 
Cylindrical 3.46 4.50 0.431 
Octahedral 2.17 1.80 0.214 
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Table 1 presents the compressive yield strength (0.2% proof stress) of Ag foams, compared with those of foams 
determined by Ashby model (Gibson et al. (1997)). The compressive strength of the open-cell foam is related to the 
yield strength of the cell wall material and the relative density, according to the following equation. 
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Where σc is the compressive strength, C is a material constant which is between 0.1 and 1.0. σc.s is the yield 
strength of the cell wall material, ρf is the density of the foam and ρs is the density of the cell wall material. Ashby 
suggested that the C value of 0.3 is suitable for cellular metals. In all cases, the difference in pore architecture 
resulted in different compressive behavior of the foams. As expected, the foam, using octahedral silver powders, has 
lower compressive strength than the others, mostly due to lower foam density. 
The large difference in yield strength between the Ashby model and the measured one is due to the fact that the 
model uses a cubic pore to represent a unit cell which is very different from the actual pore shape of the foams, as 
shown in Fig. 3. Furthermore, the actual pores are connected in different pattern with a large variation of pore sizes. 
It can be seen that the open-cell Ag foam with three different pore shapes can be produced with a large porosity. 
The total porosity of each type of foam is determined to be larger than 80 vol.%. The major part of porosity up to 50 
vol.% is obtained from the removal of disaccharide particles and the rest is produced from the partially reduced 
Ag2SO4 particles. By tailoring the amount of disaccharide and the chemical reduction rate and holding time of 
Ag2SO4, the foam porosity can be controlled. 
4. Conclusion 
The Ag foams with three different pore shapes; spherical, cylindrical and octahedral, show high porosity with 
distinctive pore microstructures. There are three levels of porosities which are unique from each type of foams. The 
foams, using spherical and cylindrical silver particles, have larger surface area and higher density than the foam with 
the silver particle of octahedral shape. A control of pore architecture can be performed through tailoring material 
and process parameters. The difference in pore architecture resulted in different compressive behavior of the foams. 
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